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Abstract
Carbonate rocks are important targets of hydrocarbon exploration in the Gucheng area, Tarim Basin. In this study, the thin
sections, carbon and oxygen isotopes, trace elements and rare earth elements of 25 carbonate samples from the Upper Cambrian
and the Ordovician are conducted to research the original sedimentary environment of these carbonate rocks. The carbonate rocks
have undergone high-temperature hydrothermal activity due to the movement of magmatic water in the Permian based on carbon
and oxygen isotope and Euanom data. The Upper Cambrian and Ordovician are divided into five third-order sequences based
on carbon isotopes and natural gamma-ray spectral logging combined with previous researches. The SQ1~SQ3 in the Upper
Cambrian andMiddle-Lower Ordovician predominant in sea-level decline cycle, whereas the SQ4 and SQ5 in theMiddle-Upper
Ordovician are dominated by sea-level rise cycle. Ceanom and Z values are suitable to analyze the redox environment and
paleosalinity quantitatively, which suggests an oxidizing and marine origin in this area. The dolomites are formed in a
paleoenvironment with a higher salinity, a stronger oxidation and a lower falling sea level than that of the limestones.
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Introduction

Primitive geochemical informations, such as carbon-oxygen
isotopes, trace element, and rare earth elements (REEs), are
kept in deposit sediments. These elements and stable isotopes
contain abundant informations about paleoclimate,
paleosalinity, and paleodepth. Therefore, the contents, ratios

and relative correlations of these geochemical parameters can
be applied to reconstruct the original sedimentary environment.
These indicators have been widely used for mudstone and shale
(Mongenot et al. 1996; Yu et al. 2009; Cao et al. 2012; Wang
et al. 2014a; Akinlua et al. 2015, 2016). Because the enrichment
mechanisms of elements and stable isotopes in various sedi-
mentary rocks are the same, many scholars also study the ma-
rine sedimentary paleoenvironment by stable isotopes and ele-
ments (Wignall and Twitchett 1996; Schroeder and Grotzinger
2007;Wignall et al. 2007; Frimmel 2009; Xu et al. 2009;Meyer
et al. 2012; Chen et al. 2013; Wei et al. 2015).

In the Gucheng area, Tarim Basin, oil and gas exploration
shows that hydrocarbons mainly accumulate in the
Ordovician. The sedimentary facies, sequence, reservoir char-
acteristics, and dolomite genesis of the Lower Paleozoic in the
Gucheng area have been researched by many scholars (Zhao
et al. 2009; Liu et al. 2012; Tang et al. 2013; Wang et al.
2014b; Wang et al. 2015; Liu et al. 2017). However, those
studies have focused more on petrological, paleontological,
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and seismic reflection characteristics. Few scholars have re-
constructed the sedimentary paleoenvironment based on geo-
chemical parameters such as carbon and oxygen isotopes,
REEs, and trace elements of carbonate rocks. In this study,
the applicability of these geochemical indicators about
paleoenvironment is discussed. Moreover, the sedimentary
paleoenvironment and evolution process of carbonate rocks
in the Ordovician and Upper Cambrian are researched based
on appropriate geochemical indicators. The research results
provide a comprehensive understanding of the geological en-
vironment of the Lower Paleozoic carbonate rocks in the
Gucheng area and perhaps they are helpful for the study of
the Lower Paleozoic carbonate reservoir.

Geologic background

The Tarim Basin is a large superimposed basin composed of
marine craton basin in the Paleozoic and continental foreland
basin in the Meso-Cenozoic (Jia 1999) with an area of
5.6×10-5 km2. The basin is controlled by multistage tectonic
movement and contains 9 first-order structural units, i.e., four
uplifts and five depressions, each of which includes various
numbers of second-order units (Fig. 1). Carbonate rocks are
deposited in the Lower Paleozoic, including the Cambrian and
Ordovician rocks in the Gucheng area. According to Cao et al.
(2019), the Cambrian from bottom to top contains the Yurtus,
Xiaoerbulak, and Wusongger Formations in the Lower
Cambrian, Shaylik and Awatag Formations in the Middle
Cambrian, and the Lower Qiulitag Formation in the Upper
Cambrian. The Ordovician rocks from bottom to top include

the Penglaiba Formation, the lower of Yingshan (Ying
4~Ying 3 Members), the upper of Yingshan (Ying 2~Ying 1
Members) and the Yijianfang Formation in the Middle-Lower
Ordovician, and the Tumuxiuk and Querquek Formations in
the Upper Ordovician (Fig. 2).

The Gucheng area has experienced 4 main stages of struc-
tural evolution. (1) In the tectonic extension stage from the
Cambrian to Middle Ordovician, the Gucheng area, Tazhong,
Shuntuoguole, and Tabei areas were a unified carbonate plat-
form (Zhang et al. 2015). (2) In the late stage of Middle
Ordovician, the Tazhong area suffered a strong compression
and denudation, resulting in a partial absence of the Upper
Ordovician in the principal part of the Tazhong area (Yang
et al. 2000; Zhang et al. 2004). Because the Gucheng area was
located at a structural slope, the Yijianfang Formation with
slope facies was deposited in this area (Cai et al. 2006). (3)
In the early stage of the Late Ordovician, the tectonic stress of
the basin changed from tension to compression (Zhang et al.
2007). As a result, the facies rapidly changed into shelf basin
facies, and clastic rocks with thicknesse greater than 4000 m
were deposited with increasing sea level. (4) In the Middle-
Late Ordovician, the nose structure of the Gucheng area grad-
ually formed, and a large number of SE–NW direction faults
were developed, which controlled the later horst-graben tec-
tonic framework (Li et al. 2018; Tang et al. 2014).

Samples and analytical methods

All these core samples in this study are from GC7Well. Fresh
samples are taken to avoid calcite veins, pyrite crystals, and

Fig. 1. Division of tectonic units of the Gucheng area (GC7 Well is a systematic sampling well)
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recrystallization. To avoid the influence of diagenesis, all sam-
ples are first ground into thin slices, and the mineral compo-
sition and structural characteristics are observed in detail un-
der a microscope. Then, limestone, dolomite, marlstone, and
some transitional lithologies with micritic textures are select-
ed, and the sampling range is narrowed as much as possible.
Finally, 25 samples are taken for analysis, which include 7
samples from the Lower Qiulitag Formation of the Upper
Cambrian and 18 samples from the Ordovician, containing 4
samples from the Penglaiba Formation, 3 samples from the
Ying 4 Member, 8 samples from the Ying 3 Member, and 3
sample from the Ying 1 Member, the Yijianfang Formation,
and the Tumuxiuk Formation, respectively. These samples are

analyzed with carbon and oxygen isotopes, REEs, and trace
elements. Experimental data are listed in Table 1 and Table 2.
The related experimental methods are listed as follows.

Thin section analysis

Conventional thin sections are ground at the China University
of Petroleum (Beijing). These thin sections are identified at
10×5 magnification with an Imager A2m polarized fluores-
cence microscopemade by Carl Zeiss corporation in Germany
according to the People Republic of China petroleum natural
gas profession standard (SY/T 6103-2004 and SY/T5368-
2016).

Fig. 2. Composite stratigraphic
columnar section of the Lower
Paleozoic in the Gucheng area
(Modified by Cao et al. 2019)

Page 3 of 18     1341Arab J Geosci (2021) 14: 1341



Ta
bl
e
1

D
is
tr
ib
ut
io
n
of
ca
rb
on

an
d
ox
yg
en

is
ot
op
es

an
d
R
E
E
s
of

ca
rb
on
at
e
ro
ck
s
in
th
e
Pa
le
oz
oi
c
of
G
C
7
W
el
l.
N
ot
e:
C
e a
n
o
m
=
C
e/
C
e*
=
(3
C
e
P
A
S
S
/(
2L

a
P
A
S
S
+
Pr

P
A
S
S
))
(M

cL
en
na
n
19
89
);
PA

S
S
st
an
ds

fo
r
th
e
ra
tio

af
te
r
PA

SS
st
an
da
rd
iz
at
io
n;

E
u a

n
o
m
(E
u/
E
u*

P
A
A
S
)
=
E
u P

A
A
S
/(
S
m

P
A
A
S
×
G
d P

A
A
S
)1
/2
(T
ay
lo
r
an
d
M
cl
en
na
n
19
85
).
In

th
is
st
ud
y,
G
d
is
re
pl
ac
ed

by
T
b
in

th
e
fo
rm

ul
a
of

E
u a

n
o
m

N
o.

D
ep
th

(m
)

S
tr
at
a

L
ith

ol
og
y

δ1
3
C
ca
rb

(‰
,P

D
B
)

δ1
8
O
ca
rb

(‰
,

P
D
B
)

Z
R
ar
e-
ea
rt
h
el
em

en
t(
pp
m
)

E
u a

n
o
m

C
e a
n
o
m

L
a

C
e

P
r

N
d

S
m

E
u

T
b

D
y

H
o

E
r

T
m

Y
b

L
u

1
56
22
.0

O
3
t

M
ic
ri
tic

bi
oc
la
st
ic
lim

es
to
ne

1.
09

-1
0.
84

12
4.
13

4.
66

9.
42

1.
60

12
.9
9

1.
14

0.
25

0.
19

1.
03

0.
20

0.
55

0.
09

0.
61

0.
10

1.
03

0.
57

2
56
89
.0

O
1
-2
yj

Sp
ar
ite

ca
lc
ar
en
ite
s

-0
.3
4

-6
.4
8

12
3.
38

0.
10

0.
21

0.
04

0.
31

0.
03

0.
01

0.
00

0.
02

0.
01

0.
01

0.
00

0.
02

0.
00

1.
21

0.
53

3
57
31
.0

O
1
-2
y1

Sp
ar
ite

ca
lc
ar
en
ite
s

-1
.7
2

-6
.8
6

12
0.
36

0.
20

0.
40

0.
07

0.
59

0.
05

0.
01

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

1.
24

0.
53

4
60
23
.0

O
1
-2
y3

Sp
ar
ite

ca
lc
ar
en
ite

-1
.9
6

-7
.9
2

11
9.
34

0.
30

0.
57

0.
10

0.
78

0.
07

0.
02

0.
01

0.
06

0.
01

0.
03

0.
01

0.
03

0.
01

1.
16

0.
56

5
61
10
.0

O
1
-2
y3

Fi
ne

cr
ys
ta
lli
ne

-2
.1
5

-6
.5

11
9.
66

0.
57

1.
25

0.
22

1.
92

0.
16

0.
03

0.
03

0.
14

0.
03

0.
08

0.
01

0.
08

0.
01

0.
98

0.
54

6
61
40
.0

O
1
-2
y3

Sp
ar
ite

ca
lc
ar
en
ite

-0
.7
4

-9
.0
6

12
1.
27

0.
29

0.
54

0.
09

0.
72

0.
06

0.
01

0.
01

0.
05

0.
01

0.
03

0.
00

0.
03

0.
00

1.
15

0.
56

7
61
61
.0

O
1
-2
y3

Fi
ne

cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.8
3

-8
.9
3

12
1.
15

0.
44

0.
90

0.
17

1.
56

0.
13

0.
03

0.
02

0.
13

0.
02

0.
07

0.
01

0.
08

0.
01

0.
97

0.
49

8
61
84
.0

O
1
-2
y3

Sp
ar
ite

ca
lc
ar
en
ite

-1
.1

-1
1.
12

11
9.
51

0.
40

0.
78

0.
13

1.
11

0.
10

0.
02

0.
01

0.
08

0.
01

0.
04

0.
01

0.
04

0.
01

1.
15

0.
55

9
61
92
.3

O
1
-2
y3

M
es
oc
ry
st
al
lin

e
do
lo
st
on
e

-0
.9
5

-6
.3
6

12
2.
19

0.
30

0.
54

0.
10

1.
06

0.
07

0.
01

0.
01

0.
05

0.
01

0.
03

0.
00

0.
03

0.
00

1.
05

0.
43

10
62
30
.0

O
1
-2
y3

Fi
ne

cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.5
4

-8
.0
6

12
2.
18

0.
20

0.
38

0.
07

0.
99

0.
05

0.
01

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

1.
07

0.
37

11
62
41
.0

O
1
-2
y3

Sp
ar
ite

ca
lc
ar
en
ite

-0
.9

-1
2.
63

11
9.
17

0.
33

0.
57

0.
09

0.
75

0.
06

0.
02

0.
01

0.
05

0.
01

0.
03

0.
00

0.
03

0.
00

1.
15

0.
55

12
63
16
.5

O
1
-2
y4

Sp
ar
ite

ca
lc
ar
en
ite

0.
68

-8
.9
5

12
4.
24

0.
19

0.
37

0.
06

0.
50

0.
04

0.
01

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

1.
12

0.
57

13
63
37
.0

O
1
-2
y4

Fi
ne
-m

ed
iu
m

cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.2
4

-7
.6
3

12
3.
01

0.
54

1.
00

0.
16

1.
39

0.
11

0.
02

0.
02

0.
09

0.
02

0.
04

0.
01

0.
04

0.
01

1.
09

0.
55

14
63
99
.0

O
1
-2
y4

Fi
ne
-m

ed
iu
m

cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.3
8

-8
.3
1

12
2.
38

0.
39

0.
81

0.
13

1.
20

0.
09

0.
02

0.
01

0.
08

0.
01

0.
04

0.
01

0.
04

0.
01

1.
14

0.
55

15
64
29
.5

O
1
-2
P

F
in
e-
si
lty

cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.3
3

-8
.5
4

12
2.
37

0.
40

0.
74

0.
13

1.
36

0.
09

0.
02

0.
01

0.
06

0.
01

0.
04

0.
01

0.
04

0.
01

1.
29

0.
46

16
64
99
.0

O
1
-2
P

S
ilt
y
cr
ys
ta
lli
ne

do
lo
st
on
e

0.
58

-5
.9
9

12
5.
50

0.
88

1.
59

0.
29

2.
43

0.
20

0.
05

0.
03

0.
15

0.
03

0.
08

0.
01

0.
09

0.
01

1.
13

0.
51

17
65
10
.0

O
1
-2
P

F
in
e-
si
lty

cr
ys
ta
ld

ol
os
to
ne

-0
.3
4

-1
0.
57

12
1.
34

0.
55

1.
12

0.
20

1.
88

0.
17

0.
05

0.
02

0.
13

0.
02

0.
07

0.
01

0.
08

0.
01

1.
40

0.
50

18
65
20
.0

O
1
-2
P

F
in
e
cr
ys
ta
lli
ne

do
lo
st
on
e

0.
78

-9
.5
1

12
4.
16

0.
18

0.
35

0.
06

0.
77

0.
05

0.
01

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

1.
35

0.
42

19
66
40
.0

Є
3
xq

M
ed
iu
m
-c
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.6
3

-9
.0
6

12
1.
50

0.
19

0.
37

0.
07

0.
68

0.
05

0.
01

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

1.
35

0.
46

20
66
43
.2

Є
3
xq

C
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-1
.2

-1
0.
61

11
9.
56

0.
15

0.
32

0.
06

0.
90

0.
09

0.
04

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

2.
87

0.
35

21
66
43
.5

Є
3
xq

C
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-1
.0
1

-1
0.
24

12
0.
13

0.
15

0.
31

0.
06

0.
72

0.
33

0.
20

0.
01

0.
04

0.
01

0.
02

0.
00

0.
02

0.
00

8.
14

0.
41

22
66
79
.0

Є
3
xq

M
ed
iu
m
-c
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.9
8

-1
0.
15

12
0.
24

0.
43

0.
69

0.
12

1.
01

0.
09

0.
08

0.
01

0.
07

0.
01

0.
04

0.
00

0.
04

0.
01

4.
65

0.
50

23
67
24
.0

Є
3
xq

M
ed
iu
m
-c
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.4
2

-1
0.
62

12
1.
15

0.
87

1.
74

0.
32

2.
66

0.
24

0.
11

0.
05

0.
31

0.
07

0.
18

0.
03

0.
21

0.
03

1.
97

0.
53

24
67
50
.0

Є
3
xq

Sp
ar
ite

ca
lc
ar
en
ite

0.
12

-1
2.
53

12
1.
31

0.
40

0.
75

0.
12

0.
97

0.
08

0.
02

0.
01

0.
07

0.
01

0.
04

0.
01

0.
03

0.
01

1.
35

0.
57

25
67
79
.0

Є
3
xq

M
ed
iu
m
-c
oa
rs
e
cr
ys
ta
lli
ne

do
lo
st
on
e

-0
.8
5

-9
.6
4

12
0.
76

0.
18

0.
38

0.
07

0.
86

0.
07

0.
03

0.
01

0.
05

0.
01

0.
02

0.
00

0.
02

0.
00

2.
08

0.
41

1341    Page 4 of 18 Arab J Geosci (2021) 14: 1341



Ta
bl
e
2

T
ra
ce

el
em

en
ts
of

ca
rb
on
at
e
ro
ck
s
in

th
e
L
ow

er
P
al
eo
zo
ic
of

G
C
7
W
el
l

N
o.

D
ep
th

(m
)

S
tr
at
a

T
ra
ce

el
em

en
t(
pp
m
)

U
/T
h

S
r/
B
a

B
a

C
d

C
r

C
s

H
f

L
i

M
n

N
b

N
i

P
b

S
r

T
a

T
h

T
i

U
W

Y
R
b

S
c

1
56
22
.0

O
3
t

30
.5
8

0.
01

6.
42

0.
68

0.
62

3.
32

10
10
.8

1.
72

20
.3
7

17
.6
1

22
9.
8

0.
11

2.
07

28
2.
89

0.
25

0.
26
2

9.
33

11
.6
2

2.
98

0.
12

7.
52

2
56
89
.0

O
1
-2
yj

3.
46

0.
00

0.
26

0.
01

0.
02

0.
10

38
.1

0.
04

19
.7
3

0.
31

22
6.
1

0.
00

0.
06

6.
90

1.
57

-
0.
23

0.
24

0.
16

27
.1
2

65
.3
9

3
57
31
.0

O
1
-2
y1

3.
46

0.
01

0.
34

0.
04

0.
01

0.
29

7.
2

0.
08

21
.2
1

0.
90

16
8.
4

0.
01

0.
12

14
.5
1

1.
24

0.
00
3

0.
30

0.
63

0.
08

10
.1
8

48
.6
7

4
60
23
.0

O
1
-2
y3

4.
15

0.
00

0.
32

0.
05

0.
02

0.
45

12
.0

0.
10

18
.5
8

0.
76

20
2.
1

0.
01

0.
14

18
.3
0

0.
66

0.
00
2

0.
46

0.
89

0.
16

4.
59

48
.7
0

5
61
10
.0

O
1
-2
y3

10
.7
9

0.
02

2.
11

0.
13

0.
08

1.
58

40
.3

0.
32

12
.9
1

2.
63

14
6.
0

0.
03

0.
38

54
.8
9

1.
78

0.
08
8

0.
91

2.
59

0.
17

4.
69

13
.5
3

6
61
40
.0

O
1
-2
y3

3.
70

0.
00

-
0.
02

0.
01

0.
17

6.
3

0.
06

17
.4
7

1.
09

12
6.
8

0.
01

0.
10

10
.5
5

0.
68

-
0.
40

0.
45

0.
07

7.
12

34
.2
4

7
61
61
.0

O
1
-2
y3

7.
85

0.
01

2.
52

0.
08

0.
12

0.
82

32
.7

0.
48

12
.7
3

1.
76

58
.2

0.
04

0.
53

87
.0
2

0.
60

0.
04
6

0.
76

3.
02

0.
38

1.
13

7.
41

8
61
84
.0

O
1
-2
y3

6.
10

0.
00

0.
59

0.
03

0.
02

0.
29

7.
7

0.
09

19
.5
9

0.
53

18
7.
2

0.
01

0.
17

15
.6
2

0.
37

0.
11
4

0.
59

0.
71

0.
05

2.
19

30
.6
9

9
61
92
.3

O
1
-2
y3

3.
49

0.
01

0.
84

0.
03

0.
02

0.
58

17
.1

0.
10

12
.5
5

0.
31

16
1.
4

0.
01

0.
13

19
.2
1

2.
09

-
0.
40

0.
76

-
16
.4
5

46
.2
9

10
62
30
.0

O
1
-2
y3

2.
55

0.
01

0.
44

0.
01

0.
01

0.
29

31
.7

0.
07

13
.4
2

0.
59

10
6.
5

0.
01

0.
08

12
.5
9

1.
15

-
0.
29

0.
42

-
13
.6
8

41
.8
0

11
62
41
.0

O
1
-2
y3

4.
23

0.
00

0.
10

0.
01

0.
02

0.
12

12
.7

0.
06

17
.7
8

0.
69

16
2.
1

0.
01

0.
10

9.
99

0.
45

-
0.
40

0.
42

-
4.
37

38
.2
9

12
63
16
.5

O
1
y4

3.
76

0.
00

-
0.
02

0.
01

0.
13

3.
8

0.
04

19
.4
3

0.
22

15
1.
1

0.
01

0.
06

7.
31

0.
16

-
0.
29

0.
31

-
2.
55

40
.2
1

13
63
37
.0

O
1
-2
y4

5.
72

0.
02

0.
15

0.
01

0.
06

0.
21

11
.7

0.
07

12
.2
7

0.
77

14
5.
4

0.
01

0.
10

13
.2
5

1.
61

-
0.
69

0.
52

-
16
.0
5

25
.4
3

14
63
99
.0

O
1
-2
y4

4.
57

0.
00

0.
34

0.
03

0.
03

0.
27

20
.9

0.
12

12
.7
1

0.
52

10
7.
3

0.
01

0.
20

23
.6
8

0.
56

-
0.
53

0.
82

-
2.
88

23
.5
0

15
64
29
.5

O
1
-2
P

6.
49

0.
03

1.
13

0.
02

0.
05

0.
47

24
.2

0.
27

17
.0
5

3.
88

23
1.
8

0.
02

0.
23

47
.6
7

2.
05

0.
03
4

0.
49

1.
59

0.
09

8.
87

35
.7
2

16
64
99
.0

O
1
-2
P

16
.2
5

0.
01

3.
93

0.
20

0.
12

2.
77

22
.2

0.
59

12
.5
6

1.
11

10
5.
3

0.
04

0.
45

10
7.
69

0.
91

0.
05
2

1.
06

5.
65

0.
68

2.
04

6.
48

17
65
10
.0

O
1
-2
P

26
.3
9

0.
01

3.
52

0.
02

0.
12

0.
35

20
.9

0.
56

12
.5
5

0.
99

52
.0

0.
04

0.
57

99
.9
0

0.
42

0.
12
4

0.
81

2.
44

0.
41

0.
73

1.
97

18
65
20
.0

O
1
-2
P

6.
02

0.
01

0.
70

0.
02

0.
02

0.
47

32
.7

0.
13

13
.1
4

0.
70

12
8.
8

0.
01

0.
14

21
.1
2

0.
24

0.
00
5

0.
28

0.
74

0.
01

1.
70

21
.4
0

19
66
40
.0

Є
3
xq

3.
43

0.
01

0.
45

0.
01

0.
02

0.
40

10
6.
2

0.
11

12
.7
2

1.
51

50
.1

0.
01

0.
12

19
.5
1

1.
74

0.
00
3

0.
25

0.
68

-
14
.3
4

14
.6
0

20
66
43
.2

Є
3
xq

73
.4
8

0.
07

1.
06

0.
01

0.
02

0.
16

82
.9

0.
05

14
.0
4

2.
17

54
.8

0.
01

0.
10

8.
98

1.
41

0.
01
3

0.
28

0.
24

-
13
.8
0

0.
75

21
66
43
.5

Є
3
xq

44
7.
61

0.
03

0.
58

0.
01

0.
01

0.
15

84
.7

0.
06

15
.2
1

5.
32

75
.0

0.
01

0.
09

11
.7
6

1.
73

0.
19
8

0.
29

0.
28

-
18
.5
9

0.
17

22
66
79
.0

Є
3
xq

4.
86

0.
00

1.
35

0.
01

0.
06

0.
12

38
1.
6

0.
01

20
.6
2

0.
36

51
.6

0.
00

0.
06

2.
09

0.
06

-
0.
45

0.
06

0.
80

1.
09

10
.6
2

23
67
24
.0

Є
3
xq

9.
90

0.
00

5.
36

0.
01

0.
00

3.
92

18
8.
0

0.
01

14
.9
5

0.
28

19
.7

0.
00

0.
05

2.
26

0.
28

-
3.
12

0.
41

0.
23

5.
39

1.
99

24
67
50
.0

Є
3
xq

4.
47

0.
03

2.
01

0.
01

0.
01

0.
11

6.
8

0.
07

19
.4
1

0.
80

12
0.
5

0.
01

0.
11

11
.8
2

0.
27

-
0.
57

0.
42

0.
00

2.
51

26
.9
3

25
67
79
.0

Є
3
xq

20
.4
9

0.
01

0.
30

0.
01

0.
01

0.
21

14
7.
2

0.
05

13
.9
7

2.
37

55
.0

0.
01

0.
08

8.
28

0.
96

0.
07
7

0.
36

0.
35

-
12
.6
4

2.
68

Page 5 of 18     1341Arab J Geosci (2021) 14: 1341



Carbon and oxygen isotopes

Limestone or dolomite samples are dried after being powdered
(200 mesh) and weighed to approximately 0.5 mg for use.
Standard technology of acid digestion is used to obtain carbon
in carbonate rocks (Wachter and Hayes 1985). A 0.3~1.0 mg
powder sample is reacted with ≥100% phosphoric acid at 72
°C for more than 6 hour to release carbon dioxide (Wachter
and Hayes 1985). The oxygen and carbon isotopes of CO2

obtained are measured on an MAT-253 mass spectrometer.
A MAT253 stable isotope mass spectrometer is produced by
Thermo-Finnigan Company of the United States. The instru-
ment mainly includes five parts: a MAT-253 magnetic sepa-
rator and ion receiver; three injection-separators, TC/EA,
FLASH-EA, Precon; continuous flow interface, confl o III;
calculation software of control system, ISODAT, and analyt-
ical balance with a relative accuracy of one millionth. Carbon
and oxygen isotopes of carbonate (δ13Ccarb and δ18Ocarb)
are expressed in “‰” relative to Vienna Pee Dee Belemnite
(VPDB). The repeatability of δ13Ccarb and δ18Ocarb is better
than ± 0.2‰ and ± 0.3‰, respectively, based on the labora-
tory standard and NBS-19 international standard. See Table 1
for these results of carbon and oxygen isotopes.

Trace element and REE

These samples are cleaned with distilled water and dried nat-
urally. These collected core samples are made into casting
sheets. These sheets are observed under a LEICA-DMR
Research Grade optical microscope, and then appropriate
samples are selected for experiments. These samples are
ground to 200 mesh in an agate mortar. Then, approximately
40 mg of powder sample is weighed and placed into the cru-
cible. One milliliter of acetic acid is added at a concentration
of 3 mol/l, which reacts with the samples to completion for 12
hour. After the reaction, the solutions are separated centrifu-
gally and then rested. The entire supernatant is removed to
another crucible. The residue is dried and weighed, and then
the weight of the residue is deducted from the sample weight.
The separated supernatant is dried. Then, 0.5 ml nitric acid is
added at a concentration of 0.1 mol/l to dissolve the residue
and the supernatant is dried again. The same nitric acid is
added, and these above operations are repeated until the resid-
ual acetic acid is removed. Finally, the supernatant is fixed in
1% nitric acid solution, and “In” is used as an internal stan-
dard. Trace elements and REEs are measured in an inductively
coupled plasma mass spectrometer (ICP-MS), manufactured
by Finnigan Mat company in Germany, at 30 °C with a hu-
midity of 30% relative humidity. These experiments are con-
ducted according to DZ/T0223-2001. The test errors are with-
in 5%, and the results of repeated tests for these same samples
are consistent. These results of trace elements and REEs are
listed in Table 1 and Table 2, respectively.

Results

Lithological characteristics

Tight limestones with a low porosity or permeability are
predominantly deposited in the Yijianfang Formation,
Tumuxiuk Formation, and the upper of Yingshan
Formation. Limestone, dolomitic limestone, dolostone,
and calcareous dolostone are developed in the lower
of Yingshan Formation, Penglaiba Formation, and
the Lower Qiulitag Formation, where reservoirs are superior
(Fig. 2 and Fig. 3). Specifically, the Tumuxiuk Formation is
characterized by micritic limestone and bioclastic limestone
with abundant bioclastic components, such as algae, echi-
noderms, and bivalves (Fig.4a). The limestones in the
Yingshan Formation are primarily composed of grain lime-
stone, micritic limestone, silty crystalline limestone and al-
gal boundstone. Among them, grain limestones are well
developed, and the grain sizes are mainly a grade of silty
sand under the microscope, accounting for approximately
30%~50%. The peloid without a lamellar structure in Fig.
4b, the oolite with a radial lamellar structure, and the bright
aggregate composed of peloid based on Liu et al. (2017) are
predominant grain types. Sparite calcarenites were deposit-
ed in the upper Ying 3 Member with a size of 1.3 mm.
Calcite debris was supported by particles, and the rocks
are cemented by calcite (Fig. 4c). The remaining rocks in
the Ying 3 Member are mainly fine crystalline dolomite
with crystal sizes of matrix dolomite from 0.05 mm to
0.15 mm and a hypidiomorphic-euhedral crystal form. The
crystal surface is dirty and flat, with a cloudy center and
bright edge structure (Fig. 4d). The proportion of lime-
stones, consisting predominantly of calcisiltite, is larger
than that of dolostones in the Ying 4 Member (Fig. 4e).
The dolostones in the Ying 4Member are dominated by fine
to medium crystalline dolomite with hypidiomorphic or
other crystal structures, curved and dirty crystal surfaces,
and intercrystalline contacts between crystals (Fig. 4f).
Dolostones are mainly developed in the middle and upper
of Penglaiba Formation. The matrix of silty crystalline do-
lomite is dark gray with a tight structure under the micro-
scope. The size of the crystals is dominated by silty crystals
surrounded by argillaceous and organic matter, most of
which are not euhedral, with bright surfaces and flat mirrors
(Fig. 4g). Limestones are developed in the lower of
the Penglaiba Formation. The Lower Qiulitag Formation
of the Upper Cambrian is dominated by dolostone.
Medium-coarse crystalline dolostones with dolomite fill-
ings and a zonal structure of light and dark alternation can
be observed under plane-polarized light. The crystals exhib-
it blade and saddle shapes (Fig. 4h). Moreover, a small
amount of sparite calcarenite exists in the Lower Qiulitag
Formation (Fig. 4i).
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Carbon and oxygen isotopes

δ13Ccarb values in the Ordovician are mainly between
−2.15‰ and 1.09‰, averaging −0.52‰; δ13Ccarb values in
the Cambrian vary from −1.20‰ to 0.12‰, averaging
−0.71‰ (Table 1). The distribution range of carbon isotopes
in the Ordovician of Gucheng area is consistent with that of
carbon isotopes of global sea water in the Ordovician (−2‰
~2‰) (Veizer et al. 1999).

δ18Ocarb values in the Ordovician and Cambrian vary from
−12.63‰ to −5.99‰ and from −12.53‰ to −9.06‰, respec-
tively (Table 1). The δ18Ocarb values in the Ordovician are
obviously greater than those in the Cambrian. The average
δ18Ocarb values of normal marine carbonate rocks are be-
tween −10‰ and −2‰ and samples with values below
−10‰ are considered unacceptably altered (Kaufman and
Knoll 1995). δ18Ocarb values in the Ordovician are mostly
greater than −10‰, while δ18Ocarb values in the Cambrian

Fig. 3. REEs, trace elements and carbon and oxygen isotopes of
carbonate in the Paleozoic rocks of GC7 Well with depth. Note: Ceanom
= Ce/Ce* = (3CePAAS/(2LaPAAS+PrPAAS)) (McLennan 1989), PAAS

stands for the ratio after PASS standardization; Euanom (Eu/Eu*PAAS) =
EuPAAS/(SmPAAS × GdPAAS)

1/2 (Taylor and Mclennan 1985). In this
study, Gd is replaced by Tb in the formula of Euanom
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are lower than −10‰, indicating that these samples in the
Cambrian are more seriously altered than samples in the
Ordovician. The possible causes of alteration are discussed
in the fifth section.

REE + Y

REEs and related parameters of the Lower Paleozoic carbon-
ate rocks are displayed in Table 1. Total REEs (∑REE) range
between 0.75 ppm and 32.82 ppm, with an average of 3.85
ppm. Figure 5 shows that the REE + Y distribution pattern
based on McLennan (1989) is characterized by a flat distribu-
tion and enriched with heavy rare earth elements (HREEs).
Overall, more light rare earth elements (LREEs) are lost than
HREEs, with La/YbPASS values from 0.31 to 0.96, causing the
curve to tilt left. The LREE/HREEs ratios of carbonate rocks
are mostly lower than 1. However, these ratios in the

Cambrian are mainly greater than 1, averaging 1.53, with an
obvious left-leaning curve. Nd, Sm, and Eu are the main ele-
ments in the LREEs, and Y, Tm, and Yb are relatively
enriched in the HREEs (Fig. 5). Eu concentrations in the
Cambrian, ranging from 0.013 ppm to 0.203 ppm with an
average of 0.070 ppm, are obviously significantly higher than
the values in the Ordovician with an average of 0.033 ppm,
revealing no obvious advantage in the ∑REEs. Nd is signifi-
cantly higher in the Ordovician, ranging from 0.311 ppm to
12.991 ppm, with an average of 1.795 ppm.

Abnormal Ce (Ceanom) is expressed according to the fol-
lowing formula: Ceanom (Ce/Ce* PAAS) = (3Ce PAAS/(2La PAAS

+ Nd PAAS)). The subscript PAAS in the formula represents
the value after the Post-Archean Australian Shale (McLennan
1989). Abnormal Eu (Euanom) is expressed as Euanom (Eu/
Eu*PAAS) = EuPAAS/(SmPAAS × GdPAAS)

1/2 (Taylor and
Mclennan 1985). In this study, Gd is replaced by Tb in the

Fig. 4. a No.1 microcrystalline bioclastic limestone, 5622m, O3t; b No.3
sparite calcarenite, 5731, O1-2y

1 (red arrow indicates intraclasts); c No.4
sparite calcarenite, 6023m, O1-2 y3; d No.7 fine crystalline dolostone,
6161m, O1-2 y

3; e No.12 sparite calcarenite, 6316.5m, O1-2 y
4; f No.13

fine-medium crystalline dolostone, 6337m, O1-2 y4; g No.16 silty

crystalline dolostone, 6499m, O1-2p; h No. 22 coarse-medium crystalline
dolostone, 6679m, ∈3xq; i No. 24 sparite calcarenite, 6750m, ∈3xq.
Pictures a, b, c, d, e, g and h were observed under plane-polarized light;
f and i were observed under crossed polarized light
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formula Euanom. Ceanom values are between 0.35 and 0.57,
with an average of 0.50, indicating a negative anomaly. The
Euanom values have a wide distribution range from 0.96 to

8.14, with an average of 1.72. The Cambrian Euanom is be-
tween 1.34 and 8.14, averaging 3.20, which is significantly
higher than that in the Ordovician with an average of 1.15.

Fig. 5. REE+Y distribution
pattern of carbonate rocks in the
Lower Paleozoic of GC7 Well
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Trace elements

The measured values of trace elements and related ratios
which are sensitive to the redox environment are listed in
Table 2. Among these values, Sr and Mn contents are ex-
tremely high, ranging between 20 ppm and 231.8 ppm with
an average of 124.9 ppm and between 3.8 and 1010.8 ppm
with an average of 94.0 ppm, respectively. The contents of Ba,
Cr, Ni, and Ti are also high, ranging from tens to hundreds of
ppm. Relatively, the contents of Cd, Cs, Hf, Li, Nb, Pb, Ta,
Th, U,W,Y, Rb, and Sc are low, ranging from 0.1 ppm to tens
of ppm (Table 2).

The range of U/Th values related to the paleoenvironment
is wide, mainly between 0.12 and 27.12, with an average of
7.79. The average value of U/Th in the Cambrian is 9.77,
which is slightly greater than that in the Ordovician (7.02).
U/Th shows a fluctuating change in the vertical direction. Mn/
Ti values in the Ordovician are between 0.20 and 5.52, with an
average value of 1.22. These ratios in the Cambrian are mostly
greater than 5, with an average value of 43.75, which is sig-
nificantly greater than that in the Ordovician. These values in
the Cambrian and Ordovician show no significant differences.
The Sr/Ba values range from 0.17 to 65.39, with an average of
23.80. Sr/Ba values in the Ordovician with an average of
29.85 is greater than those in the Cambrian with an average
of 8.25, although some great values exist in the Cambrian.

Discussion

Hydrothermal activity

Eu in the REEs is related to hydrothermal activity (Murray
et al. 1991; Douville et al. 1999; Guo et al. 2007). A positive
anomaly of Eu indicates hydrothermal activity. The REE dis-
tribution in hydrothermal solution is dominated by the chem-
ical exchange of plagioclase crystal in the process of ocean
crust alteration at a high temperature and pressure
(Klinkhammer et al. 1994). In the late stage of volcanism,
while Si and Fe are extracted by submarine hydrothermal
solution, feldspar is dissolved to release Eu into the hydrother-
mal solution (Danielson et al. 1992; Klinkhammer et al.
1994). These Cambrian samples show a positive Eu anomaly
with Euanom varying from 1.34 to 8.14, indicating an obvious
hydrothermal activity. There is a slight positive Eu anomaly in
these Ordovician samples, with an average value of 1.14. Eu
values generally decrease gradually from the Cambrian to
Ordovician, indicating a decrease in the intensity of hydrother-
mal activity (Table 1; Fig. 5). Cerium fluoro-carbonate min-
erals are often related to the intrusion of acidic and alkaline
magmatics (Yu et al. 2010). Saddle dolomite cement in the
Cambrian of Gucheng area contains cerium fluoro-carbonate
minerals (Wang et al. 2016), suggesting an origin ofmagmatic

hydrothermal alteration (precipitation). At the end of the Early
Permian, large-scale magmatic intrusion and volcanic erup-
tion occurs in the Tarim Basin, which is caused by the forma-
tion of the ancient Tianshan fold belt and the subduction of the
Paleotethys ocean (Zhu et al. 2010). Moreover, in the
Permian, medium- and small- scale intermediate-acid mag-
matic rocks are developed in the Gucheng area (Yan et al.
2014). Therefore, high-temperature hydrothermal activity is
caused by upwelling magmatic water along a deep and large
strike-slip fault closely related to the basement in the Permian.
Medium-temperature Cambrian brine is also the hydrothermal
fluid present in the Gucheng area based on 87Sr/86Sr (Wang
et al. 2016).

Oxygen isotopes are used to trace different fluid sources
during dolomitization (Chen et al. 2013). The oxygen isotopes
of dolomite are mainly controlled by fluid source and temper-
ature (Land 1985; Gasparrini et al. 2006). Higher temperatures
can result in less fractionation between fluids and dolomite,
leading to lower oxygen isotopes in dolomite; in addition,
evaporation and fractionation processes can lead to an in-
crease in oxygen isotopes in seawater, making the oxygen
isotope value of evaporated seawater higher than that of nor-
mal seawater (Chen et al. 2008; Zheng et al. 2010).
Compaction fluids such as modified seawater have an oxygen
isotope similar to that of seawater (Chen et al. 2013). Based on
the above analysis, Chen et al. (2013) proposed a diagram to
judge hydrothermal activity by oxygen isotopes, as shown in
Fig. 6.Most likely due to the lack of sufficient data, samples in
the Cambrian are all affected by hydrothermal fluids based on
Fig. 6. The fluid sources of samples in the Ordovician consist
of evaporated seawater, normal seawater, and hydrothermal
fluid, suggesting that the samples are controlled by dolomiti-
zation during the parasyngenetic period and burial hydrother-
mal metasomatism dolomitization. By comparison, samples in
the Cambrian are more exposed to hydrothermal activity than
samples in the Ordovician, which is basically consistent with

Fig. 6. Crossplot of oxygen-carbon isotope of carbonate rocks in the
Lower Paleozoic of GC7 Well (the chart based on Chen et al. 2013)
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the conclusions of the Euanom analysis (Fig. 6). Due to the
influence of hydrothermal activity, oxygen isotopes in the
Cambrian are obviously low, however, the effect on carbon
isotopes is little (Chen et al. 2013) (Fig. 6).

Relative sea level changes

Global long-term (millennium-ten million years) carbon cycle
storage is predominantly composed of sedimentary carbonate
rock and sedimentary organic matter. They account for
79.952% and 19.994% of the carbon content in the shallow
crust and the earth's surface, respectively (Hayes et al. 1999;
Hoefs 2004; Sharp 2007) and the sum of dissolved carbon,
biological carbon and carbon in the atmosphere only occupies
0.054%. Although carbon content in the mantle and continen-
tal siliceous crust is 4.41 times of that in the shallow crust and
the earth's surface, the carbon in the former rarely participates
in the global carbon cycle, and has little effect on the carbon
cycle in the earth's surface. Therefore, it is hardly considered.
The average δ13C values of sedimentary carbonate rock and
sedimentary organic matter are 0~1‰ (PDB) and −23 ‰ ~
−25 ‰ (PDB), respectively (Hoefs 2004; Sharp 2007). In
other words, carbonate rocks and sedimentary organic matter
are enriched in 13C and 12C, respectively. Because the sedi-
mentary organic matter is buried and preserved in the sedi-
ments, more 12C will be taken away, resulting in the relative
enrichment of 13C in the hydrosphere, atmosphere and bio-
sphere on the crust surface. This leads to the enrichment of 13C
or the increased 13C/12C ratio (δ13C) in the carbonate rocks
and organic matter deposited from the sea (Kump and Arthur
1999; Hoefs 2004). Kaufman and Knoll (1995) considered
that the sudden decrease of δ13C of seawater in the end of
Proterozoic from 5‰~10‰ (PDB) to −2‰~ −6‰ (PDB)
was related to several glacial periods. Hoffman et al. (1998)
believed that this was due to the decrease of the biological
productivity and the preservation rate of sedimentary organic
matter caused by the ice age (snow ball earth effect).

The preservation rate of sedimentary organic matter is re-
lated to the global sea level rise and fall (Tissot 1979).
Generally speaking, rising or high global sea level is benefi-
cial to the preservation of sedimentary organic matter, other-
wise it is not. Sedimentary organic matter mainly includes
marine sedimentary organic matter and coastal swamp coal
measures. The high yield and preservation rate are related to
greenhouse climate and high global sea level (Tissot 1979). In
view of the above isotopic fractionation mechanism, the car-
bon isotopes of whole rocks or fossil shells of marine carbon-
ate rocks can indicate the relative variation of global sea level
(Zhao 2015).

The correlation of carbon and oxygen isotopes can be used
to judge whether the carbonate samples are subjected to dia-
genetic alterations. The more obvious the correlation, the
stronger is the diagenetic alteration (Qing and Veizer 1994;

Wang and Feng 2002). Figure 6 shows that the carbon and
oxygen isotopes have no correlation, which indicates no/weak
diagenetic alteration. A loss of Sr and Na and an increase of Fe
and Mn occur in the carbonate rocks after the sedimentary
period, especially after being affected by the atmospheric wa-
ter cycle (Veizer 1983; Bruckschen et al. 1995). Hydrothermal
fluid from igneous activities which took place in the Tarim
Basin in the Permian also leads to the increase of Fe and Mn
content and a little loss of Sr content for limestone or dolomite
(Jin et al. 2006). Therefore, the Mn/Sr ratio can effectively
judge the diagenesis and alteration degree of marine carbon-
ate. Carbonates (both limestone and dolostones) with Mn/Sr <
10 commonly retain near primary δ13C abundance (Kaufman
and Knoll 1995). The Mn/Sr values of carbonate rocks in the
GC7 well are less than 10, showing that these carbon isotopes
reflect the original marine sedimentary environment.
Moreover, the distribution of carbon isotopes is still in the
range of normal marine carbonate rocks (−2‰ and 2‰)
(Table 1; Fig. 3), which further suggests that these carbon
isotopes can be used for geological analysis.

A content of U, Th, and K in the natural gamma-ray spec-
tral logging is highly sensitive to the change of sedimentary
environment. Due to the weathering, a clay layer is formed on
an exposed surface. Th with high stability during weathering
is insoluble in water and is relatively enriched near an exposed
surface; K is easily soluble in water to be transported away
(Zheng et al. 2004; Gao et al. 2016). U is usually enriched in
clay to indicate an elevation of base level; carbonate rocks
tend to fracture and be eroded, which leads to an increased
U content near a sequence boundary caused by the mud filling
in the dissolved pores/cavities or fractures (Wang et al. 2008).
According to the characteristics of the seismic and logging in
this area and the research of Lin et al. (2017), 5 third-order
sequence (SQ) are identified in the Upper Cambrian and
Ordovician. The interface of SQ1 and SQ2 is corresponding
to the boundary of Cambrian and Ordovician. The SQ2 and
SQ3 are roughly separated by the boundary between the
Penglaiba and Yingshan Formations, which is a parallel un-
conformity as a whole. The SQ3 and SQ4 boundary roughly is
the interface between the upper and lower of Yingshan
Formation. This interface is eroded due to the middle
Caledonian movement (Cai and Li 2008), but it is well pre-
served in the Gucheng area as a parallel unconformity. The
SQ4 and SQ5 roughly corresponds to the boundary between
the Yingshan and Yijianfang Formations (Liu et al. 2017).
The variation trend of carbon isotopes in this study is basically
consistent with that of carbon isotopes proposed by Veizer
et al. (1999), i.e., lighter in the Late Cambrian, stable in the
Early Ordovician, and rapidly increasing in the Middle-Late
Ordovician, revealing the rationality of these carbon isotopes.
δ13Ccarb in the Late Cambrian changes from a positive to a
negative deviation as the depth increases, indicating that the
relative sea level drops. From limestone in the Penglaiba
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Formation to dolomite in the Penglaiba Formation to lime-
stone of the Ying 4 Member to dolomite of the Ying 3
Member, the relative sea level shows a rise-drop-rise-drop
trend. In the Upper Ordovician, the water body generally rises
due to lack of sufficient data in the upper of Yingshan
Formation. Dolomite and limestone are developed in the re-
gression and transgression periods, respectively (Fig. 3). The
relative sea level fluctuations based on the carbon isotopes is
basically consistent with identified sequences in the Gucheng
area, indicating that the relative rise-fall of sea level controls
the sequence evolution (Fig. 3). The SQ1 with a half cycle in
the upper of Qiulitage Formation, SQ2 in the Penglaiba
Formation and SQ3 in the lower of Yingshan Formation,
which are dominated by sea-level decline cycle, are more
likely to develop restricted platform (Fig. 7). With the de-
crease of sea level, the thickness and content of dolomite in-
crease, and the distribution expands to the platform margin.
The sedimentary environment of SQ4 in the upper of
Yingshan Formation and SQ5 in the Yijianfang Formation,
which are dominated by sea-level rise, has changed to open
platform. Moreover, dolomite thickness and content decrease,
and the distribution of open platform increases (Fig. 7).

The relative sea level change is a combined action of tec-
tonic fluctuation in the specific area (or basin) and global sea
level change (Zhu 2000). Haq and Schutter (2008) recon-
structed a history of sea-level fluctuations for the entire
Paleozoic by using stratigraphic sections from pericratonic
and cratonic basins, which shows a gradual rise during the
Cambrian, reaching a zenith in the Late Ordovician. The
Tarim Basin has experienced a passive continental margin
(expansion activities) in the Cambrian-Early Ordovician, and
squeezing activities during the Middle-Late Ordovician (Yu
et al. 2011). The relative change of sea level based on carbon
isotope and third-order sequence depends on global sea level
change obtained by Haq and Schutter (2008) combined with
tectonic uplift of the Tarim Basin proposed by Yu et al.
(2011), which leads to a gradual rise during the Cambrian-
Early Ordovician and a gradual drop during the Middle-Late
Ordovician in the Gucheng area.

Paleosalinity

Variations of δ18O and δ13C in the carbonate and cement of
clastic rock indicate a sedimentary diagenetic environment
(Kuleshov and Bych 2002; Aranovich et al. 2010). δ13C
values are between −1‰ and −2‰ in the ocean with high
salinity and between −5 ‰ and −11 ‰ in fresh water. The
δ18O values in seawater are approximately 0 and not greater
than 1‰. The δ18O values of fresh water caused by atmo-
spheric precipitation are lower than 0, with a lowest value of
−50‰ (Gao et al. 2012). Both δ18Ocarb and δ13Ccarb values
are related to the salinity of water body, and the higher the
salinity, the higher are these isotope values (Epstein and

Mayeda 1953; Clayton and Degens 1959; Zhang 1985).
Previous research has comprehensively analyzed carbon and
oxygen isotopes to indicate paleosalinity and proposed an
equation to calculate paleoseawater salinity for distinguishing
marine and freshwater carbonate rocks in the Jurassic and
newer strata: Z = 2.048 (δ13Ccarb+50) + 0.498 (δ18Ocarb +50)
(Keith and Weber 1964). In the formula, the Z value is affect-
ed by salinity. Z value greater than 120 suggests that carbonate
rock is of seawater origin. Z value lower than 120 represents a
freshwater origin of carbonate rock.When Z value equals 120,
it is undefined carbonate rock. Moreover, Z value is widely
used in the paleosalinity analysis of Paleozoic and Cenozoic
carbonate rocks in China, as described by Xu et al. (2009).

Fresh water is characterized by strong acidification and a
low mineralization degree, which lead to a small content of
SO2

-4, and Sr and Ba are retained in the water in the form of
ions. In the salinization process of lake water, Ba first precip-
itates in the form of BaSO4 with increasing salinity. Sr pre-
cipitates only when the salinity of water reaches a certain
degree (Deng and Qian 1993; Zheng et al. 2015). Therefore,
the Sr/Ba value is an indicator for distinguishing the sedimen-
tary environment and water salinity (Deng and Qian 1993; Liu
et al. 2007; Zheng et al. 2015). A higher Sr/Ba ratio suggests a
higher paleosalinity and dry-cold climate. Sr/Ba greater than 1
indicates marine salt water and a ratio between 0.6 and 1
indicates transitional facies; a ratio lower than 0.6 suggests
continental freshwater deposition (Geology of Nanjing
University 1979; Deng and Qian 1993; Wu 2001; Zheng
et al. 2015).

Z values of these samples in the Ordovician are predomi-
nantly more than 120, indicating that carbonate rocks in the
Lower Paleozoic are marine origin (Table 1). Therefore, Z
values are still indicative significance in the study area.
Because Z values are proposed to distinguish fresh water
and marine limestone in the Jurassic and newer strata by
Keith and Weber (1964), it is essential to determine whether
the Z value can be used to explain the variation of
paleosalinity for samples in the Ordovician quantitatively. Z
values decrease overall from the Upper Cambrian to the
Ordovician, indicating a decrease in salinity. Moreover, Z
values of limestones with high values of CaCO3/MgCO3 in
the Penglaiba Formation, Ying 4 Member, and Middle-Upper
Ordovician are significantly lower than those of dolomites
with low CaCO3/MgCO3 values, suggesting that the lime-
stones are deposited in a low salinity environment compared
with the dolomites (Fig. 3; Table 1).

Sr/Ba ratio in the ∈3xq and Ordovician are mostly greater
than 1, which also indicates marine salt water. Paleosalinity
variation with depth based on Sr/Ba values contrasts with the
conclusions obtained for paleosalinity in view of Z values and
is inconsistent with the paleoenvironment and paleodepth re-
search. The possible reasons are as follows. Sr is preferentially
partitioned into Na- and Ca-rich minerals, such as carbonates,
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plagioclase, and amphibole (Chen et al. 1999). Therefore, Sr/
Ba is controlled by the CaCO3 content (Liu and Cao 1987;
Sun et al. 2000), which suggests that Sr/Ba is not applicable to
research the paleosalinity of marine carbonate in the study
area.

Paleoredox environment

U, V, Co, Ni, Zn, Cd, and Cr are redox sensitive elements with
various valence states. The valence states of these elements
are affected by the oxidation-reduction environment when

they are deposited (Morford and Emerson 1999; Tribovillard
et al. 2006). Ti and Th are mainly derived from terrigenous
weathering and have difficulty migrating in secondary pro-
cesses (Calvert and Pedersen 1993; Tribovillard et al. 1994;
Hild and Brumsack 1998; Böning et al. 2004), which are
applied to indicate land source input flux. Figure 8 shows that
the correlation indices (R2) between Ti and U and between Th
and U are 0.0427 and 0.0116, respectively, indicating poor
correlations between these elements. Therefore, carbonate
rocks are not affected by terrigenous sources. The valence
states of U are mainly +6 and +4. In water with oxygen, U

Fig. 7. Sedimentary evolution
model of the Cambrian and
Ordovician carbonate rocks in the
Gucheng area
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is usually +6 and forms a stable complex, i.e., [UO2(CO3)3]
4-,

with carbonate ions in the form of uranyl (Langmuir 1978;
Anderson et al. 1989; Kimura and Watanabe 2001). In a re-
ducing environment, U with +6 is reduced to insoluble U with
+4 (Jones and Manning 1994; Wignall and Twitchett 1996;
Mcmanus et al. 2005). U/Th can indicate a redox environment
(Adams and Weaver 1958; Rogers and Adams 1969; Jones
and Manning 1994). A higher U/Th ratio suggests a stronger
reducibility of the paleoenvironment. Generally, anoxic and
hypoxic environments are separated by a U/Th of 1.25; oxi-
dized and hypoxic environments are distinguished by a U/Th
of 0.75 (Jones and Manning 1994).

Ce records the redox state of the water body and is also
preserved during subsequent burial and diagenesis (Wright
et al. 1987; German and Elderfield 1989; De Baar et al.
1988). Therefore, Ce can be applied to distinguish the redox
condition of paleoenvironment. Ce3+ in seawater is easily ox-
idized to Ce4+ and then adsorbed by oxide colloids such as
iron and manganese under oxidation conditions. Ce4+ is re-
duced to Ce3+ and then released, resulting in the enrichment of
Ce in seawater and the loss of Ce in sediment with the disso-
lution of oxides such as iron and manganese under a reducing
conditions (Wright et al. 1987; German and Elderfield 1989;

De Baar et al. 1988). The positive and negative anomalies of
Ce suggests a reducing and oxidizing environment, respec-
tively (Wright et al. 1987). However, later diagenes tend to
indicate a positive correlation of Ceanom with ∑REE and a
negative correlation with DyPASS/SmPASS (Shields and Stille
2001). Figure 9 shows a poor correlation between Ceanom and
the two parameters, indicating a minor impact of diagenesis
on REEs. Therefore, Ce and other elements can judge the
paleoenvironment of carbonate rocks. In this study, U/Th,
Ceanom, and CaCO3/MgCaCO3 in the logging are applied to
comprehensively analyze the oxidation and reduction
environment.

The change in the U/Th and Ceanom values of the Lower
Paleozoic carbonate rocks with depth show that the U/Th
values are mostly greater than 1.25. It seems that the carbonate
rocks are deposited in anoxic environments (Fig. 3). However,
Ceanom values range from 0.3 to 0.6 and are all lower than 1,
showing negative anomalies, i.e., an oxidation environment,
which is contrary to the conclusion inferred by U/Th values.
Geologic exploration shows that carbonate rocks in the
Ordovician are reservoirs and caprocks of hydrocarbon, and
source rocks are located in the Middle-Lower Cambrian
(Zhou et al. 2019). Moreover, the average total organic carbon
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(TOC) content of the Ordovician carbonate rocks (5300-6500
m) at the GC7 well is approximately 0.2%, indicating non-
source rock (Cai 2014). Comprehensive analysis shows that
carbonate rocks are deposited in an oxidizing environment,
consistent with the analysis result of Ceanom rather than that
of U/Th. The reason that the U/Th value cannot be used to
indicate the sedimentary environment in this area may be that
the solution pores/caves or fractures under the sequence
boundary are filled with mud rich in U and Th, which can’t
be applied to research the sedimentary environment (Liu et al.
2017). The Ceanom values in these dolomites are generally
lower than those in limestones and are positively correlated
with the CaCO3 content (Fig. 3), which indicates that the
dolomites are deposited in a stronger oxidation environment
than the limestones are. Therefore, compared with the lime-
stones, the dolomites form in a paleoenvironment with a high
salinity, a strong oxidation and a low sea level.

Conclusions

The sedimentary environment of the Lower Paleozoic carbon-
ate rocks in the Gucheng area is discussed based on the anal-
ysis of carbon and oxygen isotopes, trace elements and REEs.
Conclusions are drawn as follows.

(1) Both Euanom and the chart of carbon and oxygen isotopes
show that the carbonate rocks in the Upper Cambrian and
Ordovician are affected by hydrothermal activity.
Compared with Ordovician rocks, the Upper Cambrian
rocks exhibit obvious hydrothermal activity, which leads
to low oxygen isotopes. High-temperature hydrothermal
fluid is originated from magmatic water in the Permian.

(2) The carbon isotopes are hardly affected by diagenesis
and hydrothermal process. The carbonate rocks in the
Upper Cambrian and Ordovician are divided into five
third-order sequences based on carbon isotopes and nat-
ural gamma-ray spectral logging combined with previ-
ous researches. The SQ1, SQ2, and SQ3 are dominated
by sea-level decline cycles; SQ4 and SQ5 take sea-level
rise cycles as primary.

(3) Z values indicate carbonate deposition with the
most values greater than 120 and are used for quantita-
tively analyzing paleosalinity. The paleosalinity de-
creases from the Upper Cambrian to the Upper
Ordovician according to Z values. Compared
with dolomite, limestones are deposited in a low salinity
environment based on Z values lower than those of do-
lomites. The Sr/Ba value is not appropriate for qualita-
tive paleosalinity research of carbonate rocks.

(4) Ceanom values shows the Lower Paleozoic carbonate
rocks are deposited in an oxidation environment.
Mo r eove r , t h e do l om i t e s a r e f o rmed i n a

paleoenvironment with a higher salinity, a stronger oxi-
dation and a lower falling sea level than that of the
limestones.
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